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EFFECT OF CROSSED ELECTRIC
AND MAGNETIC FIELDS
ON THE DIFFUSIVITY-MOBILITY RATIO IN
DEGENERATE SEMICONDUCTORS

MONDAL M.," BANIK S. N.,” GHATAK K. PJY Calcutta

An attempt is made to study the Einstein relation for the diffusivity-mobility ratio
of the carriers in degenerate semiconductors in the presence of crossed electric and
magnetic fields by taking the electron spin and the broadening of the Landau levels
into account. It is found, taking degenerate n-GaAs as an example,-that the same ratio
exhibits an oscillatory magnetic field dependence and the electric field enhances the
amplitude of oscillations. In addition, the corresponding well-known result for the
Einstein relation in bulk specimens of degenerate semiconductors having parabolic

energy bands in the absence of any qQuatization has also been shown as a special case
of our generalized expressions.

1. INTRODUCTION

Investigations of electrons in semiconductors in the presence of crossed elec-
tric and magnetic fields offer interesting physical possibilities, both experimental
and theoretical [1]. The cross-field configuration is fundamental to classical and
quantum transport in solids [1, 2]. Aronov [3] pointed out that electric field
effects should be visible in interband magneto-optical transitions. It may be
noted in this context that though considerable work has already been done in
literature as regards this particular aspect, there still remain problems in connec-
tion with the investigations carried out, while the interest in further researches
into other aspects of cross-fields in is becoming increasingly important. In-
cidentally, the Einstein relation for the diffusivity-mobility ratio (DMR) of the
carriers in semiconductors is known to be a very useful one and is more accurate
than any of the individual relations to the diffusivity or the mobility which are
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considered to be the two most widely used parameters of carrier Qmsmnoz._s
semiconductors. In recent years, the connection of the DMR with the velocity
auto-correlation function [4], its modification due to :o:-_w:mm.n nrmnmo trans-
port [5], the relation of this ratio to the screening of the carriers in mnn:ooaacn-
tors [6] and the different modifications of the DMR in Qamm:nnm.ﬁo semicon-
ductors under varying physical conditions have extensively Gooa investigated
[7—14]. Nevertheless, it appears from literature that the UZ:.N in a.omm:na:o
semiconductors under cross-fields configuration has yet to be investigated m.vn
the more interesting case which arises from the consideration of the electron spin
and the broadening of the Landau levels, respectively. In what follows, this is
done by taking degenerate n-GaAs as an example.

I1. THEORETICAL BACKGROUND

The energy spectrum of the conduction electrons in degenerate moamoosacﬁ
tors having pdrabolic energy bands can be written, in the presence of an o_woan
field E, along the x axis and a quantizing magnetic field B along the z axis, as
(15]

:‘ Nmu_
mu=+w m§+mﬁlamcmﬁt m —+ =g B (1a)
2 2m* mte, 2m*eoi 2

where E is the energy in the presence of a cross field configuration as .Emm.m:noa
from the edge of the conduction band in the m,cm.nsow of any quantization, n
(=0, 1,2, ...)is the Landau quantum number, # is Dirac’s constant, @, = eB/
m*, e is the electron charge, m* is the effective electron mass at the wamn of the
conduction band, g is the magnitude of the Lande g-factor and g, is the Bohr
magneton. . . .

The electron concentration can be expressed, by including the electron spin
and the broadening of the Landau levels, as

=:_E8 @.\.
m=0LaY" 3| %@Im ew (1b)

where L_ is the sample length along the x axis, E’ can be determined from the
equation

1\ . 1 e2E} |1
‘= —) hayy — - -8B, (19
E A:+NV @ 2 m*a; 2
Xh
I= Eannm_vmnﬁow..h, w(E*)dk,, E¥X=E+1I', i=+ -1, I'isthe broaden-
X

ing parameter,
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W(E*) = (2m* [h) T - A + wmec + (eEohk, fm*ay) +

_\N
i%mm\ws*ewww?& ,a_st*mO\Nwﬁ“

x,=[eBL A" + x|] and f, is the Fermi-Dirac function.
The use of the generalized Sommerfeld lemma [16] together with some
algebraic manipulations leads to the expression of the electron concentration as

m=C, Ms? E;) + B(n, Ey)] @

where
C, = (BYm*3L,PHEy, a(n, Ey) = [la,(n, E;) + (@(n, E,) —
—ai(n, EYI — [by(n, Ep) + (b3, Ex) — b3(n, NP7,

1
a(n, Ep) = AY(n, Ef) = 34,(n, Ex) T, A,(n, Ey) = T,m — A(n) +m§&.

e'E}

A(n) = ?a + vaeo + o — mmchx“_g

ay(n, Ep) = [3IA3(n, Ep) — I, b,(n, E;) = [43(n, Ep) — 304,(n, E;)],

Ay(n, Ef) = T‘w — Ao(n) — ! wtcm“_, Ao(n) = A(n) + eE\L,,

2
by(n, E)=[3 ﬁmw?, Ep) — NJJ,
s . 2x
B(n, E) = M_ 2(kp 1) (1 — 2! £(27) aﬁws_&s Ep),

7is the set of real numbers, kg is the Boltzmann constant, T'is the temperature.
{(27) is the zeta function of order 2y and E,is the Fermi energy in the presence
of the cross-field configuration as measured from the edge of the conduction
band in the absence of any quantization. Since the DMR of the electrons in
semiconductors under magnetic quantization can, in general, be expressed [8, 9,

11} as
D 1 dn,
Bt/
1/ e dE,
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we can combine (2) and (3) as

@ L ? 3?91? mi Ms‘?mﬁi?, @@ 3
u/p  eln=9 =0

where / represent differentiation with respect to mw. .
In the absence of broadening, (2) and (4) get simplified as

o= Cy 3. [Fip(m) — Fn(m)] 5)
n=0
and -
Amv = E‘_HM“ m\NAd_v - m_.B?FvH_ *
H/B e n=0
=1
X mx F_p(m) — m,l:uﬁdug (6)
¢ )
where Co = B2mam* (kg TY(4L, °HEy) ",

1
m= Qﬂmdl_T«a A(n) + > m:oLu

1
= (kyT)! Tm — Ag(n) — 5 ?L

i i-Dirac i j as defined by Blakemore
nd E(n) is the Fermi-Dirac integral of onamn. j as
md. mhaﬁvrm absence of the spin and the electric field (5) and (6) assume the

well-known forms {17, 11] as

ny=Nc© M m.l:NAS U
n=0
N.SQ. Mgy Pnax -1
Amv = E M HI_\NA:L M m,lu\NAde_ (8)
/s e =0 =0
where |
Ne= 20k, T, =G| B = (n+ ]
and @ = hay/kyT. For B— 0 we get
ny = 20%:%:% ®
and
3 @ =5 TR (IF (o) (10)
1/o e
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s.\:nnm Mo = Eplky T and Eyyis the Fermi energy in the absence of any quantiza-
tion. (9) and (10) were derived for thefirst time by La ndsberg [8].

III. RESULTS AND DISCUSSION

Using (2), (4), (9) and (10) and taking the parameters [18] m* = 0.067m,,
I'=04 x 107*eV, Ey=10"3V/m, Li=L,=L =1m, g=2,

=228 x 10°m~ and T = 4.2K, we have plotted AWV \AWV versus 1/B as
B 0

- - - - t t
shown in Fig. 1, in which the same dependence for Ey = 0 has also been shown

for Hrw purpose of comparison. It appears from the Fig. | that the DMR shows
an Om.o_:mHOQ magnetic field dependence. The oscillatory dependence is due to the

Fig. 1. The plot 4 exhibits the normalized de-
pendence of the DMR as a function of 1/B in
n-GaAs. The plot B corresponds to £, = 0.

It may be noted in this context that the investi
of bulk semiconductors in the

o
12

34 6 38
[B]x 0 Tests’

gations of the physical properties
presence of crossed electric and quantizing

of an electric field are respectively given by

H _
m u |
_@,9 Au + Nv 5» m?m (11a)
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and
1 ¢’E?}
E(n, E;) = E;(n, 0) — M S*Sou

(11b)

Therefore it appears that the Landau energy in the presence of a quatizing
magnetic field is greater than the same energy under a cross field configuration.
Thus less (amount of) energy should be expended in changes of a rotational
motion. Therefore, the ratio of contact of the Landau energy with the Fermi
energy will by greater in the presence of the crossed electric and magnetic fields.
Thus not only will the electric field enhance the amplitude of oscillations in the
DMR under a cross field configuration but also in many magneto-oscillatory
phenomena: magneto-optical absorption, magnetic permeability oscillations,
magneto resistance oscillations, etc. Thus, all the electronic properties will
exhibit a greater amplitude in the presence of crossed electric and oscillatory
magnetic fields as compared with magnetic quantization even in the presence of
the spin and the broadening effects due to an additional effect of the electric field
on the Landau levels as stated above and this general conclusion is based on the
work of Hansel and Peter.

It may be stated that the basic contents of the present paper could be of
particular interest in view of the fact that the switching speed and the perfor-
mance at the device terminals of the devices made of semicoriductors having
highly degenerate carrier concentrations can be related to the DMR [19, 20]. It
is worth remarking that, since the available noise power is directly proportional
to the DMR as discussed elsewhere [9], the experimental results of the thermal
noise in degenerate semiconductors under a cross field configuration will
provide an experimental check for the predictions concerning the above ratio
and also a technique for investigating the band structures in degenerate mat-
erials. Though the effect of band-tails, electron-electron interactions, hot-elec-
tron effects and band non-parabolicity have been neglected in the work, this
simplified analysis exhibits the basic qualitative features of the DMR in de-
generate semiconductors under cross field configurations. Finally, it may be
noted that the basic aim of the present work is not solely to demonstrate the
effect of crossed electric and quatizing magnetic fields on the DMR, but also to
formulate the carrier statistics by including the spin and the broadening effects,
since the various transport phenomena and the derivation of the expressions of
different electronic properties are based on the appropriate electron statistics in
such materials.

309



REFERENCES

{11 Zawadzki, W.: Surface Science 37 (1973), 218.
[2] Hansel, J. C., Peter, M.: Phys. Rev. 114 (1959), 411.
[3] Aranov, A. G.: Sov. Phys. Solid State 5 (1963), 402.
[4] Emch, G. G.: J. Math. Phys. 14 (1973), 1775.
{5S] Hope, S. A., Feat, G., Landsberg, P. T.: J. Phys. A. Math. G. 14 (1981), 2377.
[6] Kubo, R.: J. Phys. Soc. Japan 12 (1957), 537.
[7] Abidi,S. T. H,, Mohammad, S. N.: Solid State Electronics 27 (1984), 1153,
[8] Landsberg, P. T.: Eur. J. Phys. 2 (1981), 315.
[9] Nag, B. R, Chakravarti, A. N.: Physica Status Solidi () 67 (1981), K113.
[10] Biswas, S. N, Ghatak, K. P.: Phys. Stat. Sol. (b) 137 (1986), K 175.
[11] Butcher, P. N., Chakravarti, a. N., Swaminathan, S.: Phys. Stat. Sol. (a) 25
(1975), K47.
[12] Mohammad, S. N.: J. Phys. C. 13 (1980), 2685.
{13] Kroemer, H.: IEEE Trans. on ED 25 (1978), 2685.
[14] Chakravarti, A. N., Ghatak, K. P,, Dhar, A, Ghosh, K. K., Ghosh, S Applied
Physics A (Springer Verlag) 426 (1981), 165.
[15] Khon, A. H., Frederikse, in Solid State Physics, Ed. by Seitz, F., Turnbull 1959, 270.
Tsidilkovski, I. M.: Cand. Thesis, Leningrad University, USSR 1955.
[16] Pathria, R. K.: Statistical Mechanics. Pergamon Press, London 1977.
{17] Blakemore, J. S.: Semiconductor Statistics. Pergamon Press, London 1962,
[18] Nag, B. R.: Electron Transport in Compound Semiconductors. Springer Verlag, Berlin,
Heidelberg 1980.
[19] Hatchel, G. D., Ruechli, A. E.: IEEE Trans. ED 15 (1968), 437.
[20) Kamin, T. L., Muller, R. S.: Solid State Electronics 10 (1967), 423.

Received October 13th, 1987
Revised version received April 21st, 1988
Accepted for publication May 12th, 1988

BJIMAHUE TIOIMEPEYHBIX YJAEKTPHUYECKOL O U MATHUTHOI'O MOJIENR
HA OTHOWMEHUE CNOCOBHOCTHU AAPOYHAUPOBATh K MOEWJILHOCTHU
B BBICPOXJIEHHBIX MOJYITPOBOJHHUKAX

B pa6oTe caenana nombiTka H3YYHTh COOTHOWEHHE DiHIUTENHA AN OTHOWEHUS CcnocobHocTH
AuGYHAMPOBAHUA X MOGHIBHOCTH HOCHTE el B BRIDOXACHHBIX NOTYNPOBOJHHKAX B IPHCY TCTBHH
TIONEPEYHBIX INEKTPHIECKOrO M MArHUTHOIO MOJNeit TIpH y4€Te CIHHA 3JIEXTPOHA M paclIMpPCHUH
yposuei#t Jlannay. Haiineno, B HaCTHOCTH, JUTA BHIPOXKAECHHOIO n-GaAs, YT0 OIHO H TO XKe COOT-
HOLLICHHE OCIMILTHPYET B 3aBHCHMOCTH OT MarHHTHOLO [OJIA ¥ 4TO JIEKTPHYECKOE NOJIE YCHITHBAET
AMILIMTYY OCUMLTANMA. B noGasnenun nokasawo, uro COOTBETCTBYIOIUMHA XOPOUIO H3BECTHHLIMH
PE3yNbTAT I BRIDAKCHUS DUHIUTEHHA B 06BEMHBIX o6pa3uax BRIPOXACHHBIX TIOJIYTIPOBO/IHHKOB,
MMEIOUIHX NapaboNuieckue IHepreTHYECKHe ONOCH B OTCYTCTBHHM KBAHTOBAHMSA, ABJIAETCH 4acT-
HEIM CITydaeM Haurero obluero BbipaxeHus,
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